Introduction
============

Colorectal cancer (CRC) is one of the most common malignancies worldwide and the third leading cause of cancer-associated mortality ([@b1-ijmm-42-05-2503]). According to the statistics, there are 1.36 million new cases of CRC and 694,000 CRC-associated mortalities annually worldwide ([@b2-ijmm-42-05-2503]). Cancer cell metastasis is one of the major problems that hinders successful CRC treatment ([@b3-ijmm-42-05-2503],[@b4-ijmm-42-05-2503]). Increasing evidence indicated that cell proliferation, migration and invasion are crucial in CRC metastasis. However, the potential molecular mechanism underlying CRC metastasis has yet to be fully elucidated. Therefore, investigating the molecular mechanisms involved in CRC progression is crucial in order to develop novel and effective therapies.

MicroRNAs (miRNAs/miRs) are a type of highly conserved small non-coding RNA with a length of approximately 19--25 nucleotides. miRNA post-transcriptionally regulates the expression of a target gene through direct interaction with the 3′-untranslated region (3′UTR) of its target mRNA, and is known to be involved in cell proliferation, migration and invasion ([@b5-ijmm-42-05-2503]). To date, miRNAs have emerged as potential critical regulators of carcinogenesis and tumor progression ([@b6-ijmm-42-05-2503],[@b7-ijmm-42-05-2503]). A variety of miRNAs have been reported to serve as anti-oncogenes in CRC, including miR-483 and miR-551 ([@b8-ijmm-42-05-2503]). miR-7 is an evolutionarily conserved miRNA that is involved in the development of the eye and pancreas in *Drosophila* ([@b9-ijmm-42-05-2503]). Accumulating evidence suggests that miR-7 simultaneously targets a number of mRNAs that are involved in various signaling pathways in several types of cancer ([@b9-ijmm-42-05-2503]). It has been demonstrated that miR-7 is downregulated in certain human tumors, including CRC, and this miRNA has been reported to regulate a number of oncogenic signal transduction pathways, including the epidermal growth factor receptor signaling pathway, as well as the phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) and RAF/mitogen-activated protein kinase kinase/extracellular signal-regulated kinase (RAF/MEK/ERK) pathways, suggesting that it may function as a tumor suppressor ([@b10-ijmm-42-05-2503],[@b11-ijmm-42-05-2503]). The present study aimed to examine the role of miR-7 in CRC and identify novel targets that may be clinically useful.

TYRO3, a member of the TAM family (comprising TYRO3, AXL and MERTK) of tyrosine kinases ([@b12-ijmm-42-05-2503]), has been demonstrated to be abnormally expressed in a wide variety of human tumors, including CRC, and to be associated with tumor progression and resistance to targeted therapeutics ([@b13-ijmm-42-05-2503],[@b14-ijmm-42-05-2503]). It has been reported that the receptor tyrosine kinase Axl promotes cell migration and invasion in CRC ([@b15-ijmm-42-05-2503]). In addition, overexpression of TYRO3 in tumor tissues significantly reduced the survival of patients with CRC ([@b13-ijmm-42-05-2503]). TYRO3, as a novel functional target of miR-7, was reported to regulate the proliferation, invasion and migration of Huh-7 cells via the PI3K/AKT pathway ([@b16-ijmm-42-05-2503]). This signaling pathway serves a key role in several cancer processes, including proliferation, tumor growth and tumorigenesis ([@b17-ijmm-42-05-2503],[@b18-ijmm-42-05-2503]). A previous study has reported that abnormal activation of PI3K/AKT promotes the invasion and metastasis of numerous tumors, including CRC ([@b18-ijmm-42-05-2503]). However, whether miR-7 regulates cell proliferation, invasion and migration in CRC via TYRO3 and subsequent PI3K/AKT pathway inhibition has not been elucidated to date.

In the present study, aimed to investigate the role of miR-7 in CRC and its potential mechanism. The results demonstrated that miR-7 was significantly downregulated in CRC. Overexpression of miR-7 inhibited the proliferation, migration and invasion of CRC cell lines by directly inhibiting the TYRO3 receptor tyrosine kinase, resulting in the inhibition of PI3K/AKT pathway, with a significant impact on cancer cell migration, proliferation and invasion.

Materials and methods
=====================

Patients
--------

A total of 30 CRC tissue samples and corresponding matched adjacent noncancerous tissues were obtained from patients with CRC at the Affiliated Suzhou Hospital of Nanjing Medical University (Suzhou, China) between March 2014 and September 2017. The mean age of the included patients was 63±8 years and the age range was 34-74 years. The diagnosis of CRC was histologically confirmed in all patients based on colonoscopy findings ([@b19-ijmm-42-05-2503]). No patients had received chemotherapy or radiation therapy. Each patient provided written informed consent, and all experimental protocols were approved by the Ethics Committee of the Affiliated Suzhou Hospital of Nanjing Medical University (Suzhou, China).

Cell lines and culture
----------------------

The human colon cancer cell lines LoVo, SW480, SW620, HCT116 and HT29, as well as 293 cells, were purchased from the American Type Culture Collection (Manassas, VA, USA). The normal human colonic epithelium cell line NCM460 was purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). LoVo, SW480, SW620, HCT116 and HT29 cells were cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 mg/ml streptomycin in a humidified atmosphere with 5% CO~2~ at 37°C. NCM460 and 293 cells were cultured in Dulbecco\'s modified Eagle\'s medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% FBS, 100 U/ml penicillin and 100 mg/ml streptomycin at 37°C in a 5% CO~2~ incubator.

Reagents
--------

The miR-7 mimic, miR-7 inhibitor, TYRO3 small interfering RNA (siRNA) (cat. no. stB0004873C-1-5) and the negative controls (NC) were purchased from Guangzhou RiboBio Co., Ltd. (Guangzhou, China). The detailed information regarding miR-7 mimic, miR-7 inhibitor, siRNA and their controls is as follows: i) miR-7 mimic sense, 5′-UGG AAG ACU AGU GAU UUU GUU GU-3′ and antisense, 5′-AAC AAA AUC ACU AGU CUU CCA UU-3′; NC of miR-7 mimic sense, 5′-UUC UCC GAA CGU GUC ACG UTT-3′ and antisense, 5′-ACG UGA CAC GUU CGG AGA ATT-3′; ii) miR-7 inhibitor, 5′-ACA ACA AAA UCA CUA GUC UUC CA-3′; NC of miR-7 inhibitor, 5′-CAG UAC UUU UGU GUA GUA CAA-3′; iii) TYRO3 siRNA sense, 5′-GAG CUU UAC UUG UCU GCG ATT-3′ and antisense, 5′-UCG CAG ACA AGU AAA GCU CGG-3′. The pmiR-REPORT-TYRO3 3′UTR wild-type (WT) and the pmiR-REPORT-TYRO3 3′UTR mutant (MUT) sequences were synthesized by GenScript, Inc. (Piscataway, NJ, USA).

Transfections
-------------

LoVo, SW480 and SW620 cells were seeded in 6-well plates at a concentration of (1--1.5)x10^5^ cells/well (25--35% confluence) for 48 h before transfection. Subsequently, Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was used for transient transfection of cells with miR-7 mimic (50 nM), miR-7 inhibitor (100 nM) or NC (100 nM), while Oligofectamine transfection reagent (Thermo Fisher Scientific, Inc.) was used for transfection with TYRO3 siRNA (200 nmol/l) or transfection of cells with miR-7 inhibitor + TYRO3 siRNA for 48 h, following the manufacturer\'s protocol.

Dual-luciferase reporter assay
------------------------------

The prediction programs TargetScan (<http://www.targetscan.org/vert_72/>), PicTar (<http://www.pictar.org>) and miRanda (<http://www.microrna>. org) were used to predict the potential targets of miR-7. Luciferase assays were conducted using 293 cells, which were seeded in 24-well plates at 2×10^4^ cells/well and incubated overnight. The pmiR-REPORT-TYRO3 3′UTR WT or MUT luciferase plasmid (500 ng) along with 30 nM miR-7 mimic or miR-NC was co-transfected into 293 cells using Lipofectamine 2000 reagent. Subsequent to transfection for 48 h, cells were harvested, and a Dual-Luciferase Reporter Assay kit (Promega Corporation, Madison, WI, USA) was used to measure the luciferase activity according to the manufacturer\'s protocol. Luciferase activity was normalized to *Renilla* luciferase activity.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

Total RNA was extracted from the tissues and cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and an miRNeasy extraction kit (Qiagen, Inc., Valencia, CA, USA), according to the manufacturer\'s protocol. The RNA concentration was qualitied by Uv-vis at 280 nm. Single-stranded cDNA was synthesized with a QuantiTect Reverse Transcription kit (Qiagen, Inc.). Next, qPCR was performed using SYBR-Green Master Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.) in an ABI 7500 thermocycler (Applied Biosystems; Thermo Fisher Scientific, Inc.), and the results were normalized to GAPDH expression. The following primer sequences were used: TYRO3 sense, 5′-GTG TGT GGC TGA CTT CGG AC-3′, and antisense, 5′-CAC GTC CTC CAT ACA CTC CG-3′; GAPDH sense, 5′-GGA GCC AAA AGG GTC ATC AT-3′, and antisense, 5′-GTG ATG GCA TGG ACT GTG GT-3′. The reaction conditions were conducted as follows: 40 cycles of predenaturation for 10 min at 95°C, denaturation for 30 sec at 95°C, annealing for 20 sec at 60°C and extension for 35 sec at 72°C. The expression of mature miR-7 was quantified with a TaqMan microRNA assay kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) and was detected relative to U6 small nuclear RNA expression. The relative expression of each gene was calculated using the 2^−∆∆Cq^ method ([@b20-ijmm-42-05-2503]).

Cell proliferation assay
------------------------

Cell proliferation was detected using an MTT assay \[also known as 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany\] following transfection with miR-7 mimic, miR-7-inhibitor, NC and TYRO3 siRNA. At 48 h post-transfection, the LoVo, SW480 and SW620 cells (3×10^3^ cells/well) were seeded in 96-well culture plates for 24 h, and then incubated with 20 *µ*l MTT (5 mg/ml) for 4 h at 37°C. Next, the culture medium was removed and dimethyl sulfoxide (150 *µ*l; Sigma-Aldrich; Merck KGaA) was added into each well for 30 min until all crystals had been dissolved. Absorbance was measured at 570 nm using a spectrophotometer (Ultrospec 2000; GE Healthcare Life Sciences, Little Chalfont, UK).

Wound healing assay
-------------------

A wound healing assay was conducted to measure cell migration. Briefly, LoVo, SW480 and SW620 cells (3×10^5^ cells/well) were seeded into 6-well plates. After 48 h of transfection, a 10-*µ*l sterile pipette tip was used to scrape the cell monolayer. The migration path of cells was subsequently tracked at 0 and 24 h after wounding using a phase contrast microscope (IX711; Olympus Corporation, Tokyo, Japan). Quantitative analysis of the wound healing area was performed using ImageJ software (National Institutes of Health, Bethesda, MA, USA).

Cell invasion assay
-------------------

The cell invasion assay was performed in 24-well chambers containing a Transwell membrane filter (Corning Incorporated, Corning, NY, USA). After 48-h transfection, LoVo, SW480 and SW620 cells were resuspended in 200 *µ*l serum-free medium and subsequently seeded into the upper chamber of the plates. A total of 600 *µ*l medium containing 10% FBS was placed in the lower chamber. Subsequent to incubation for 24 h, cells on the upper membrane were removed with a cotton swab. The number of cell invading the lower chamber was used to evaluate the invasive capacity, by counting and averaging the cells in five random fields for each well at a magnification of ×100.

Western blot analysis
---------------------

Total protein was extracted from the cells using a protein lysis buffer (Beyotime Institute of Biotechnology, Haimen, China), and the protein concentration was measured with a bicinchoninic acid assay kit (Beyotime Institute of Biotechnology). Protein samples (30 *µ*g each) were then separated by 10% SDS-PAGE (Sigma-Aldrich; Merck KGaA) and transferred onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). The membranes were blocked with 5% (w/v) skimmed milk in Tris-buffered saline/Tween-20 for 1 h at room temperature and subsequently stained overnight at 4°C with primary antibodies at a dilution of 1:1,000, as follows: Anti-TYRO3 (cat. no. 5585), anti-phospho-PI3K (Tyr458; cat. no. 4228), anti-PI3K (cat. no. 4292), anti-AKT (cat. no. 9272), anti-phospho-AKT (Ser473; cat. no. 4060), anti-mammalian target of rapamycin (mTOR; cat. no. 2972), anti-phospho-mTOR (Ser2448; cat. no. 2971) and anti-GAPDH (14C10; cat. no. 2118; all purchased from Cell Signaling Technology, Inc., Danvers, MA, USA). Membranes were subsequently incubated with horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody (1:2,000; cat. no. 7074; Cell Signaling Technology, Inc.) for 1 h at room temperature. Proteins bands were visualized using an enhanced chemiluminescence detection system (GE Healthcare Life Sciences). ImageJ software, version 1.46 (National Institutes of Health, Bethesda, MD, USA) was applied to quantify the integrated density of the bands.

Statistical analysis
--------------------

All data were analyzed using SPSS software, version 13.0 (SPSS, Inc., Chicago, IL, USA). The difference in miR-7 expression between CRC tissues and adjacent normal tissue samples was determined by paired t-test. Statistical differences between the groups were assessed by one-way analysis of variance, followed by Tukey post-hoc test. The data are presented as the mean ± standard deviation. P\<0.05 was considered to denote a statistically significant difference.

Results
=======

miR-7 is downregulated in CRC tissues and cell lines
----------------------------------------------------

The expression of miR-7 in CRC tissues and CRC cell lines was detected by RT-qPCR. As shown in [Fig. 1A](#f1-ijmm-42-05-2503){ref-type="fig"}, the expression of miR-7 was significantly decreased in CRC tissues as compared with that in adjacent normal tissue samples. In addition, the expression of miR-7 mRNA was markedly downregulated in all five CRC cell lines compared with that in normal colonic mucosa epithelial cells ([Fig. 1B](#f1-ijmm-42-05-2503){ref-type="fig"}). These results indicated that miR-7 may be a potential tumor suppressor and may be involved in the development of CRC.

miR-7 overexpression inhibits the proliferation, migration and invasion of CRC cells
------------------------------------------------------------------------------------

In order to investigate whether miR-7 serves a role in the development and progression of CRC, the LoVo, SW480 and SW620 cell lines were transfected with miR-7 mimic or miR-NC. RT-qPCR analysis demonstrated that miR-7 mimic transfection effectively increased miR-7 mRNA expression ([Fig. 2A](#f2-ijmm-42-05-2503){ref-type="fig"}). The effect of miR-7 over expression on the migration of CRC cells was then assessed with a wound healing assay. As shown in [Fig. 2B](#f2-ijmm-42-05-2503){ref-type="fig"}, transfection with miR-7 mimic significantly inhibited the migration of LoVo, SW480 and SW620 cells, as compared with that observed in the control group. MTT and Transwell assays further revealed that miR-7 overexpression significantly inhibited the proliferation and invasion of LoVo, SW480 and SW620 cells compared with the control group ([Fig. 3A and B](#f3-ijmm-42-05-2503){ref-type="fig"}). Taken together, these results suggested that miR-7 served an important role in CRC progression.

TYRO3 is upregulated in CRC cells and is a direct target gene of miR-7
----------------------------------------------------------------------

As reported earlier, miR-7 was downregulated in CRC tissues and cell lines ([Fig. 1](#f1-ijmm-42-05-2503){ref-type="fig"}). The protein and mRNA expression levels of TYRO3 were subsequently assessed, and the results revealed that these levels were significantly increased in CRC cells compared with those in NCM460 cells ([Fig. 4A and B](#f4-ijmm-42-05-2503){ref-type="fig"}). The prediction programs TargetScan, PicTar and miRanda were used to predict the potential targets of miR-7, and TYRO3 was predicted to be a target gene of miR-7. To further confirm whether TYRO3 was a direct target gene of miR-7, TYRO3 3′UTR WT and MUT were co-transfected into 293 cells along with miR-7 mimic or miR-NC. As presented in [Fig. 4C](#f4-ijmm-42-05-2503){ref-type="fig"}, miR-7 reduced the relative luciferase activity of TYRO3 3′UTR WT, whereas luciferase activity was unaffected in the MUT binding sites. In addition, the effect of miR-7 mimic transfection on TYRO3 expression in LoVo, SW480 and SW620 cells was determined by western blot analysis, and the results indicated that miR-7 overexpression led to a significant decrease in TYRO3 expression in the CRC cells ([Fig. 4D](#f4-ijmm-42-05-2503){ref-type="fig"}).

TYRO3 regulates CRC cell proliferation, migration and invasion via the PI3K/AKT pathway
---------------------------------------------------------------------------------------

To evaluate the effects of TYRO3 on CRC, LoVo, SW480 and SW620 cells were transfected with TYRO3 siRNA. Knockdown of TYRO3 significantly inhibited the proliferation, migration and invasion of CRC cells when compared with the control group ([Figs. 5A, B](#f5-ijmm-42-05-2503){ref-type="fig"} and [6](#f6-ijmm-42-05-2503){ref-type="fig"}). Furthermore, in order to identify the potential mechanism of TYRO3 in the oncogenic processes of CRC cells, the activity of PI3K/AKT/mTOR pathway was detected by western blot analysis. The levels of phosphorylated proteins PI3K, AKT and mTOR were significantly reduced in TYRO3-deficient CRC cells ([Fig. 7A--C](#f7-ijmm-42-05-2503){ref-type="fig"}). These data indicated that the PI3K/AKT/mTOR pathway was involved in the pro-tumorigenic signaling of TYRO3 in CRC cells.

TYRO3 represses the function of miR-7 in CRC cells
--------------------------------------------------

As presented in [Fig. 8A](#f8-ijmm-42-05-2503){ref-type="fig"}, the expression of TYRO3 in LoVo, SW480 and SW620 cells transfected with miR-7 inhibitor was significantly increased compared with that in the control group. The effect of co-treatment with TYRO3-siRNA and miR-7 inhibitor was then examined, and co-transfection with TYRO3-siRNA and miR-7 inhibitor effectively reduced TYRO3 expression ([Fig. 8A](#f8-ijmm-42-05-2503){ref-type="fig"}). The results also demonstrated that the proliferation rate of LoVo, SW480 and SW620 cells co-transfected with the miR-7 inhibitor and TYRO3-siRNA was significantly decreased as compared with that in the group treated with miR-7 inhibitor alone ([Fig. 8B](#f8-ijmm-42-05-2503){ref-type="fig"}). Furthermore, the migration and invasion abilities of LoVo, SW480 and SW620 cells co-transfected with the TYRO3-siRNA and miR-7 inhibitor were significantly inhibited compared with the group treated with miR-7 inhibitor alone ([Figs. 8C](#f8-ijmm-42-05-2503){ref-type="fig"} and [9](#f9-ijmm-42-05-2503){ref-type="fig"}). These results suggested that TYRO3 may repress the effects of miR-7 on CRC cell proliferation, migration and invasion.

miR-7 inhibits the activation of PI3K/AKT pathway by directly targeting TYRO3 in CRC cells
------------------------------------------------------------------------------------------

In order to understand the molecular mechanism of miR-7 on the biological behavior of CRC cell lines, alterations in the protein expression levels of p-PI3K, PI3K, p-AKT, AKT, p-mTOR and mTOR in LoVo, SW480 and SW620 cells transfected with miR-7 inhibitor or with TYRO3-siRNA plus miR-7 inhibitor were assessed by western blotting. As presented in [Fig. 10A-C](#f10-ijmm-42-05-2503){ref-type="fig"}, compared with the control group, the protein levels of p-PI3K, p-AKT and p-mTOR were significantly increased in LoVo, SW480 and SW620 cells transfected with miR-7 inhibitor, suggesting that the PI3K/AKT pathway was activated. However, this effect was suppressed by co-transfection with si-TYRO3 and miR-7 inhibitor. These results indicated that miR-7 suppressed the activation of the PI3K/AKT/mTOR signaling pathway via direct targeting of TYRO3 in CRC cells.

Discussion
==========

CRC is one of the most common types of cancer, posing a serious societal and economic burden worldwide. Accumulating evidence has suggested that miRNAs serve an important role in CRC progression. In the present study, it was determined that miR-7 was downregulated in CRC tissues and cell lines. In addition, it was demonstrated that miR-7 inhibited the proliferation, migration and invasion of CRC cells via TYRO3 through the inhibition of the PI3K/AKT/mTOR signaling pathway.

A previous study reported that elevated miR-7 expression was significantly correlated with tumor depth, venous invasion, lymphatic invasion, lymph node metastasis and liver metastasis ([@b21-ijmm-42-05-2503]). Previous studies have also reported that miR-7 functions as a tumor suppressor in several types of human cancer, including CRC ([@b11-ijmm-42-05-2503],[@b22-ijmm-42-05-2503]). High miR-7 expression was also observed to be significantly associated with poor overall survival in patients with CRC (P=0.010), while miR-7 expression was an independent prognostic factor in these patients (hazard ratio, 1.854; 95% confidence interval, 1.016-3.540; P=0.044) ([@b21-ijmm-42-05-2503]). Thus, miR-7 functions as an oncogene in CRC, and is significantly associated with tumor progression and poor prognosis. In addition, multivariate analysis indicated that low miR-7 expression was an independent prognostic factor for poor survival (P=0.0430) ([@b10-ijmm-42-05-2503]). miR-7 was reported to be downregulated in non-small cell lung cancer cell lines, and its overexpression induces cell apoptosis and suppresses cell proliferation, migration and tumorigenicity by targeting B-cell lymphoma-2 ([@b23-ijmm-42-05-2503]). In addition, it has been reported that miR-7 was downregulated in breast cancer, and associated with epithelial-to-mesenchymal transition and metastasis ([@b24-ijmm-42-05-2503]). Furthermore, miR-7 inhibits CRC proliferation and induces apoptosis by targeting X-ray repair cross complementing 2 ([@b22-ijmm-42-05-2503]). A miR-7, as a novel miRNA with tumor suppressive function in CRC, was confirmed in nude mice to induce apoptosis through regulation of the early cell-cycle checkpoint ([@b25-ijmm-42-05-2503]). The present study demonstrated that miR-7 was downregulated in CRC cells, and that miR-7 overexpression inhibited CRC cell proliferation, invasion and angiogenesis, which was consistent with the findings of a previous study ([@b25-ijmm-42-05-2503]).

Bioinformatics analysis in the current study predicted that TYRO3 is a potential direct target of miR-7, which was also consistent with previous findings ([@b16-ijmm-42-05-2503]). It was thus suggested that miR-7 may function by interacting with TYRO3. To experimentally validate this hypothesis, the expression of TYRO3 in human CRC cells was initially examined. As expected, the results demonstrated that the levels of TYRO3 expression in CRC cells were elevated and inversely associated with miR-7 expression. Previous studies have reported that TYRO3 is overexpressed in patients with CRC, as well as in liver cancer metastases in comparison with normal liver ([@b13-ijmm-42-05-2503],[@b26-ijmm-42-05-2503]). Furthermore, TYRO3 has previously been identified as a novel target of miR-7 in CRC ([@b16-ijmm-42-05-2503]). It has been revealed that high expression of TYRO3 in tumor tissues significantly reduced the survival of patients with CRC ([@b13-ijmm-42-05-2503]). In the present study, the results demonstrated that knockdown of TYRO3 with siRNA significantly inhibited the proliferation, migration and invasion capacity of CRC cells, indicating that TYRO3 expression was involved in CRC. However, whether miR-7 exerted its tumor suppressor effects in CRC by targeting TYRO3 has not been previously reported, to the best of our knowledge. Therefore, the present study is the first to demonstrate that TYRO3 repressed the inhibitory effects of miR-7 on CRC cell proliferation, migration and invasion.

A previous study has reported that TYRO3 modulates several oncogenic pathways, including those involved in survival, altered cellular morphology, cell cycle transition, proliferation, adhesion and motility ([@b27-ijmm-42-05-2503]). In addition, it has previously been observed that TYRO3 binds to growth-inhibitory specific 6 receptors through the PI3K/AKT/mTOR or RAF/MEK/ERK1/2 pathways in order to control cell proliferation and survival ([@b28-ijmm-42-05-2503],[@b29-ijmm-42-05-2503]). TYRO3 has also been identified as a key driver of the oncogenic PI3K/AKT pathway in hepatocellular carcinoma ([@b30-ijmm-42-05-2503]). However, it remained unclear whether miR-7 functions through interaction with the TYRO3-dependent PI3K/AKT/mTOR signaling pathway. In the present report, the results revealed that the inhibition of miR-7 markedly increased the activity of PI3K/AKT signaling pathway in human CRC cell lines, while this effect was inhibited by TYRO3 siRNA. Therefore, the present study clarified a novel mechanism of miR-7 in regulating the proliferation, migration and invasion of CRC cells. Future studies will aim to confirm this mechanism using *in vivo* models.

In conclusion, the present study demonstrated that miR-7 inhibited the proliferation, migration and invasion of CRC cell lines via direct inhibition of TYRO3, which may be mediated by the PI3K/AKT/mTOR signaling pathway. This suggested that TYRO3 and miR-7 may serve as promising diagnostic and therapeutic targets in CRC.
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![miR-7 was downregulated in CRC tissues and cell lines. The expression of miR-7 in (A) CRC and adjacent normal tissues, and in (B) CRC cells (LoVo, SW480, SW620, HCT116 and HT29) and normal colonic mucosa epithelial NCM460 cells was detected by reverse transcription-quantitative polymerase chain reaction. Data are expressed as the mean ± standard deviation. ^\#\#\#^P\<0.001 vs. adjacent normal tissues; ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001, vs. normal colonic mucosa epithelial NCM460 cells. CRC, colorectal cancer; miR-7, microRNA-7.](IJMM-42-05-2503-g00){#f1-ijmm-42-05-2503}

![miR-7 overexpression inhibited colorectal cancer cell migration. (A) Reverse transcription-quantitative polymerase chain reaction was used to detect miR-7 expression in LoVo, SW480 and SW620 cells transfected with miR-NC or miR-7 mimic. (B) Effect of miR-7 overexpression on the migration of LoVo, SW480 and SW620 cells was assessed by a wound healing assay. Data are expressed as the mean ± standard deviation. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. Con group. miR, microRNA; Con, Control; NC, negative control.](IJMM-42-05-2503-g01){#f2-ijmm-42-05-2503}

![miR-7 overexpression inhibited colorectal cancer cell proliferation and invasion. (A) Effect of miR-7 overexpression on the proliferation of LoVo, SW480 and SW620 cells transfected with miR-NC or miR-7 mimic, assessed by an MTT assay. (B) Effect of miR-7 overexpression on the invasion of LoVo, SW480 and SW620 cells transfected with miR-NC or miR-7 mimic, assessed by a Transwell assay. Data are expressed as the mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. Con group. miR, microRNA; Con, Control; NC, negative control.](IJMM-42-05-2503-g02){#f3-ijmm-42-05-2503}

![TYRO3 was upregulated in colorectal cancer cells and is a direct target gene of miR-7. (A) Western blot analysis and (B) reverse transcription-quantitative polymerase chain reaction were used to determine the expression of TYRO3 in LoVo, SW480, SW620, HCT116, HT29 and normal colonic mucosa epithelial cells. (C) Luciferase activity in cells co-transfected with TYRO3 3′UTR WT/MUT and miR-7 mimic/mimic control. (D) Protein expression of TYRO3 in LoVo, SW480 and SW620 cells transfected with miR-7 mimic or miR-NC was detected by western blot analysis. Data are expressed as the mean ± standard deviation. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001, vs. corresponding control group. miR, microRNA; Con, Control; NC, negative control; 3′UTR, 3′-untranslated region; WT, wild-type; MUT, mutant.](IJMM-42-05-2503-g03){#f4-ijmm-42-05-2503}

![TYRO3 downregulation suppresses colorectal cancer cell proliferation and migration. LoVo, SW480 and SW620 cells were transfected with si-Control or si-TYRO3. (A) Effect of TYRO3 downregulation on the proliferation of LoVo, SW480 and SW620 cells, assessed by MTT assay. (B) Effect of TYRO3 downregulation on the migration of LoVo, SW480 and SW620 cells, assessed by a wound-healing assay. Data are expressed as the mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01, vs. Con group. si-, small interfering RNA; Con, Control.](IJMM-42-05-2503-g04){#f5-ijmm-42-05-2503}

![TYRO3 downregulation suppresses colorectal cancer cell invasion. Transwell assays were used to examine the invasion ability of LoVo, SW480 and SW620 cells transfected with si-Control or si-TYRO3. Data are expressed as the mean ± standard deviation. ^\*\*\*^P\<0.001 vs. Con group. si-, small interfering RNA; Con, Control.](IJMM-42-05-2503-g05){#f6-ijmm-42-05-2503}

![TYRO3 downregulation inhibited the activation of the PI3K/AKT/mTOR pathway in colorectal cancer cells. Western blot analysis was used to examine the protein expression levels of p-PI3K, PI3K, p-AKT, AKT, p-mTOR and mTOR in (A) LoVo, (B) SW480 and (C) SW620 cells transfected with si-Control or si-TYRO3. Data are expressed as the mean ± standard deviation. ^\*\*^P\<0.01, vs. Con group. si-, small interfering RNA; Con, Control; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; p-, phosphorylated.](IJMM-42-05-2503-g06){#f7-ijmm-42-05-2503}

![miR-7 downregulation promoted the proliferation and invasion of colorectal cancer cells via directly targeting TYRO3, while TYRO3 repressed the function of miR-7 in these cells. (A) Western blot analysis was used to examine the protein expression levels of TYRO3 in LoVo, SW480 and SW620 cells transfected with NC or miR-7 inhibitor, or co-transfected with miR-7 inhibitor and si-TYRO3. (B) MTT and (C) Transwell assays were used to examine the cell proliferation and invasion, respectively, of LoVo, SW480 and SW620 cells in the different groups. Data are expressed as the mean ± standard deviation. ^\*^P\<0.05 and ^\*\*^P\<0.01, vs. control groups; ^\#\#^P\<0.01 and ^\#\#\#^P\<0.001, vs. miR-7 inhibitor. Con, Control; NC, inhibitor control; si-TYRO3, TYRO3 small interfering RNA; miR, microRNA.](IJMM-42-05-2503-g07){#f8-ijmm-42-05-2503}

![miR-7 downregulation promoted the migration of colorectal cancer cells via directly targeting TYRO3. Wound-healing assay was used to examine the migration of LoVo, SW480 and SW620 cells transfected with NC or miR-7 inhibitor, or co-transfected with miR-7 inhibitor and si-TYRO3. Data are expressed as the mean ± standard deviation. ^\*\*^P\<0.01, vs. control groups; ^\#\#^P\<0.01, vs. miR-7 inhibitor. Con, Control; NC, inhibitor control; si-TYRO3, TYRO3 small interfering RNA; miR, microRNA.](IJMM-42-05-2503-g08){#f9-ijmm-42-05-2503}

![miR-7 downregulation promoted the activation of PI3K/AKT/mTOR pathway via directly targeting TYRO3 in colorectal cancer cells. Western blot analysis was used to examine the protein expression levels of p-PI3K, PI3K, p-AKT, AKT, p-mTOR and mTOR in (A) LoVo, (B) SW480 and (C) SW620 cells transfected with NC or miR-7 inhibitor, or co-transfected with miR-7 inhibitor and si-TYRO3. Data are expressed as the mean ± standard deviation. ^\*\*^P\<0.01, vs. control groups; ^\#\#\#^P\<0.01, vs. miR-7 inhibitor. miR, microRNA; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; p-, phosphorylated; Con, Control; NC, inhibitor control; si-TYRO3, TYRO3 small interfering RNA.](IJMM-42-05-2503-g09){#f10-ijmm-42-05-2503}
